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Abstract. We assess the role of riverine inputs of N, Si, Fe,
organic and inorganic C in the tropical Atlantic Ocean us-
ing a global ocean biogeochemistry model. We use a stan-
dard model scenario and three sensitivity tests to investi-
gate the role of total river nutrient and carbon inputs, as
well as the western (South American) and eastern (African)
river inputs on the tropical Atlantic Ocean biogeochemistry,
between 20◦ S–20◦ N and 70◦ W–20◦ E. Increased nutrient
availability from river inputs in this area (compared to a sen-
sitivity scenario without river nutrient inputs, NO_RIVER)
leads to an increase in primary production (PP) and export
production (EP), mainly in the coastal ocean area (modeled
ocean area with bathymetry< 200 m). Model results suggest
an enhanced N-fixation by diazotrophs on the tropical At-
lantic mainly in open ocean areas. The increased rate of N-
fixation in the TODAY scenario is proportional to the in-
crease in PP and EP relative to the NO_RIVER scenario, and
may support up to 14 % of the coastal ocean export produc-
tion. Inputs from South American rivers have an impact in
coastal PP and EP two times higher than those from African
rivers. On the other hand, results suggest that the contribu-
tion of African and South American rivers to the total in-
crease in open ocean PP and EP is similar. Considering the
amount of delivered nutrients (2–3 times less nutrients and
carbon inputs by African rivers) one concludes that African
riverine inputs may have a larger impact on the whole trop-
ical Atlantic Ocean biogeochemistry. This is probably due
to a combination of nutrient trapping in upwelling areas off
the large rivers’ outflows and shallow mixed layers in the
eastern tropical Atlantic, concomitantly to the differences in
delivered nutrient ratios leading to alleviation in limitation

conditions, mainly for diatoms. When river inputs are added
to the model, we estimate a modest decrease in open ocean
sea-air CO2 fluxes (−5.2 Tg C a−1) and an increase in coastal
ocean CO2 fluxes, mainly provoked by the remineralization
of riverine organic matter delivered by the South American
rivers.

1 Introduction

The tropical Atlantic Ocean directly receives (i.e. not filtered
by regional seas or enclosed coastal areas) the discharge of
the three largest rivers in the world: the Amazon River (0◦,
50◦ W), the Congo River (6◦ S, 12◦ E), and the Orinoco River
(10◦ N, 63◦ W) (Fig. 1). In this region, a weak Coriolis forc-
ing leads to extended river plumes off the coast, creating
nutrient-rich areas of optimal production in sites far removed
from the coast (Corredor et al., 2003). The freshwater inputs
of the three rivers represent∼ 25 % of the global river fresh-
water discharge to the oceans (Dai and Trenberth, 2002), and
together they represent 15–18 % of the total river input of
organic carbon to the ocean.

The western tropical Atlantic receives massive freshwater
and nutrient inputs from the Amazon and Orinoco rivers. The
discharge of these rivers alone represents 20 % of the total
annual riverine freshwater discharge to the oceans. A persis-
tent front of high surface chlorophyll, visible in ocean satel-
lite color imagery, is associated with riverine inputs (Corre-
dor et al., 2003; Hu et al., 2004; Molleri et al., 2010). The
Amazon River discharge generates a plume that covers up
to 2× 106 km2 and is characterized by low salinity and low
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Fig. 1. Map of the tropical Atlantic Ocean showing the location of the main rivers outflow (•). The colored side bar represents the bottom
topography (Schlitzer, R.,http://odv.awi.de).

inorganic carbon concentration. The plume may reach from
50◦ W to 25◦ W during the peak flow of the North Equatorial
Countercurrent (NECC) (Cooley et al., 2007; Subramaniam
et al., 2008).

The Congo River delivers to the Eastern tropical Atlantic
the largest freshwater input to an eastern ocean boundary.
The Eastern tropical Atlantic is characterized by oligotrophic
oceanic waters, but a large river plume (Congo) with ele-
vated nutrient concentration and the Benguela Current sys-
tem with strong wind-driven coastal upwelling (Cadée, 1978;
Dale et al., 2002; Schneider et al., 1997) impact the local
productivity (Binet, 1983; Hardman-Mountford et al., 2003).
Further north, the Gulf of Guinea receives freshwater in-
put from a dense river network leading to the coastal ocean
(e.g. rivers Niger and Volta). The Gulf of Guinea is also sub-
ject to coastal upwelling, mainly between July and Septem-
ber (Lefèvre, 2009; Lefèvre et al., 2008).

In this study, we assess the impact of riverine input
of carbon and nutrients on the western and eastern trop-
ical Atlantic biogeochemistry. We employ recent meth-
ods to estimate river nutrient (N, Si and Fe) and carbon
(DIC/dissolved inorganic carbon, DOM/dissolved organic
matter, POM/particulate organic matter) inputs, and use a
global ocean biogeochemistry model based on plankton
functional types. We focus our results and discussion on the
tropical Atlantic Ocean (70◦ W–20◦ E, 20◦ S–20◦ N).

2 Methods

2.1 PlankTOM10 Ocean biogeochemistry model

We use the PlankTOM10 ocean biogeochemistry model
(Buitenhuis et al., 2013b; Enright et al., 2012), which
is based on plankton functional types (PFTs) as de-

scribed in Le Quéré et al. (2005). PlankTOM10 was de-
veloped from the model PlankTOM5.2 (Suntharalingam et
al., 2012; Vogt et al., 2010), and represents ten plank-
ton functional groups: silicifiers (diatoms), calcifiers, pico-
autotrophs, DMS-producers, nitrogen fixers (N-fixers) and
mixed phytoplankton, pico-heterotrophs, proto-zooplankton,
mesozooplankton and macro-zooplankton (Enright et al.,
2012). For the phytoplankton types, the model estimates to-
tal biomass in carbon units, and iron, chlorophyll, and sil-
icon content for the silicifiers as prognostic variables. For
the pico-heterotrophs and the three zooplankton size classes,
only biomass is modeled. The model assumes that all PFTs
have a constant C : N : P ratio of 122: 16 : 1, and that their
Fe : C, Chl : C, and Si:C (only for silicifiers) are variable and
determined by the model. The model includes phytoplank-
ton growth co-limitation by phosphate, nitrate, silicate and
iron. The nitrate pool undergoes denitrification and nitrogen-
limited growth by N-fixers that can add to the ocean nitro-
gen inventory. PlankTOM10 also describes dissolved inor-
ganic carbon (DIC), dissolved oxygen, and total alkalinity.
The model was forced with annual riverine nutrient (nitrate,
phosphate, silicate, and iron) and carbon (DIC, alkalinity,
DOM, POM) inputs as described in da Cunha et al. (2007)
following a global river drainage direction map (DDM30) at
0.5◦ increments of latitude and longitude (Döll and Lehner,
2002). In this map, the drainage directions and discharge of
surface water on all continents, except Antarctica are repre-
sented. Within the map, cells connect by their drainage direc-
tion and are thus organized into drainage basins. In this study,
only cells corresponding to basin outlets to the ocean are used
as input points for our PlankTOM10 simulations (Fig. 2).
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Fig. 2. Annual river freshwater input in km3 a−1 (logarithm scale)
to the Tropical Atlantic Ocean (Döll and Lehner, 2002; Korzoun et
al., 1977).

2.2 NEMO global ocean general circulation model

PlankTOM10 is embedded in the NEMOv2.3 global ocean
general circulation model (Madec and NEMO-Team, 2008).
It has the longitudinal resolution of 2◦ and latitudinal resolu-
tion of 1.5◦ enhanced to 0.5◦ at the equator and at the poles.
The vertical resolution is 10 m in the upper 100 m and com-
prises 31 depth levels down to the ocean floor. The model
time step in our version is 1 h 36 min.

The model was forced by the daily wind and water fluxes
from NCEP/NCAR reanalysis (Kalnay et al., 1996) from
1948 to 2005 as in Buitenhuis et al. (2006) and Jones (2003).
The solar radiation penetrates the top meters of the ocean.
The addition of heat is formulated with two extinction co-
efficients (Paulson and Simpson, 1977) whose values corre-
spond to average open ocean conditions. The computation of
photosynthetically active radiation (PAR) is also formulated
with two extinction coefficients, but in this case the light ab-
sorption by the model’s chlorophyll concentration is taken
into account. These two separate formulations ensure that, on
the one hand, the physical heating is always the same, so that
interpretation of our model scenarios are not complicated by
changing circulation, while, on the other hand, the shading
effect of phytoplankton on primary production in subsurface
layer is taken into account (Manizza et al., 2005). The effect
of freshwater addition on water column stability and hence
heat exchange and the distribution of phytoplankton is thus
taken into account, but the effect of chlorophyll heat absorp-
tion on the physics is not. River freshwater input is computed
monthly in NEMO as described by Madec and the NEMO
Team (2008).

2.3 Model scenarios

We did four simulations with the PlankTOM10 model con-
sidering different riverine nutrient load estimates (Table 1).

We ran the simulations from 1990 to 2005. This is long
enough for the surface ocean to approximate steady state, as
shown by the stability of the results after 3–4 yr of simula-
tions. We present average output for years 1998–2005.

TODAY

This scenario considers riverine inputs of DIC, DOM,
and POM estimated according to the models by Ludwig
and Probst (1998), Korzoun et al. (1977) and Ludwig et
al. (1996a, b). River carbon fluxes are mainly controlled by
drainage intensity and lithology (DIC), basin slope, drainage
intensity and soil organic matter (OM) content (DOM), and
sediment flux (POM). We used a C : N : Fe ratio of 122: 16 :

6.1 10−4; thus, riverine DOM and POM, when they are rem-
ineralized, also become C, N, P and Fe sources to the ocean.
Dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) inputs were estimated based on a regres-
sion model by Smith et al. (2003). Dissolved Si inputs were
calculated using the runoff data from the DDM30 map, and
applying an average concentration of dissolved Si in river
waters of 4.2 mg Si L−1 (Tréguer et al., 1995). Additionally,
the scenario has riverine Fe input, estimating 95 % loss of
dissolved Fe in the estuaries at low salinity, and an average
concentration of dissolved iron in river waters of 40 µg L−1

(Martin and Whitfield, 1983). The literature suggests that ap-
proximately 80 % to more than 95% of the riverine dissolved
iron loads inside the estuary are removed from the dissolved
phase at low salinities (Boyle et al., 1977; Chester and Jick-
ells, 2012; Lohan and Bruland, 2006; Sholkovitz, 1978).

NO_RIVER

This sensitivity scenario represents an extreme situation
where riverine nutrient fluxes would stop completely. We do
not consider a reduction in freshwater input to the ocean.

AFRICA

This scenario is identical to TODAY but considers only
African river nutrient and carbon inputs to the tropical At-
lantic Ocean. The South American river nutrient and carbon
inputs were stopped in this sensitivity scenario. We do not
consider a reduction in freshwater input to the ocean.

S_AMERICA

This scenario is identical to TODAY but considers only
South American river nutrient and carbon inputs to the
tropical Atlantic Ocean. The African river nutrient and
carbon inputs were stopped in this sensitivity scenario. We
do not consider a reduction in freshwater input to the ocean.

We used the average of the absolute difference between
modeled parameter (an) and available data (cn) values to
estimate how the model simulates chlorophylla (Chl a),
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Table 1.River nutrient scenarios.

Scenario name River nutrient inputs to the tropical Atlantic Ocean (20◦ S–20◦ N, 70◦ W–20◦ E)

OM DIC N Si P Fe Details on riverine
(Tmol C a−1) (Tmol C a−1) (Tmol N a−1) (Tmol Si a−1) (Gmol P a−1) (Gmol Fe a−1) nutrient inputs

NO_RIVER 0 0 0 0 0 0 No riverine inputs
TODAY 6.75 4.83 1.09 1.89 10.97 0.45 DINa, DIPa, Sib, Fe (95% loss)c,

DICd, DOMd, POMd

S_AMERICA 5.09 3.91 0.77 1.37 5.44 0.33 DINa, DIPa, Sib, Fe (95 % loss)c,
DICd, DOMd, POMd,
only South American rivers

AFRICA 1.66 0.92 0.32 0.52 5.54 0.12 DINa, DIPa, Sib, Fe (95 % loss)c,
DICd, DOMd, POMd,
only African rivers

a World population = 6× 109 inhabitants, (Döll and Lehner, 2002; Smith et al., 2003; UNPD, 2004),b (Döll and Lehner, 2002; Tréguer et al., 1995),c 5 % net flux of riverine dissolved
Fe to the ocean (Chester and Jickells, 2012; Döll and Lehner, 2002; Martin and Meybeck, 1979),d (Döll and Lehner, 2002; Ludwig et al., 1996a, b).

Table 2.Mean absolute error (MAE) between PISCES-T simulations NO_RIVER and TODAY (average 1998–2005) and available data for
the tropical Atlantic Ocean (20◦ S–20◦ N, 70◦ W–20◦ E).

Scenario name Mean absolute error

Chl aa NO3
b Sib PO4

b Diss. Fec PPd EPe Diss. O2
f

mg Chla L−1 µM µM µM nM g C m−2 a−1 g C m−2 a−1 (µM)

NO_RIVER 0.18 0.79 1.85 0.10 0.44 59.58 6.39 5.83
TODAY 0.13 0.79 1.90 0.10 0.77 32.90 3.29 5.85

Available data reference:a surface Chla estimated from SeaWiFS satellite, average 1998–2005,b surface NO3, Si, and PO4 from World Ocean Atlas
2005 (Garcia et al., 2006b),c dissolved Fe data from Tagliabue et al. (2012);d primary production average 1998-2005, satellite-based estimation
(Behrenfeld, 2005),e export production (Schlitzer, 2004),f surface dissolved O2 from World Ocean Atlas 2005 (Garcia et al., 2006a).

nitrate (NO3), silicate (Si), dissolved iron (Fe), primary
production, export production, and dissolved O2 (Eq. 1,
Table 2). This also allows us to assess how riverine nutrient
fluxes affect these parameters. We calculate the mean
absolute error (MAE) as follows:

MAE =
|a1 − a2| + |a2 − a2| + . . . + |an − cn|

n
(1)

3 Results and discussion

In this section we present the model results from the TODAY
scenario – which we estimate best represents the river inputs
of carbon and nutrients, as well as the ocean biogeochemical
features (Sect. 3.1) – and compare them with available data
for the tropical Atlantic Ocean. In Sect. 3.2 we discuss the
influence of river nutrients and carbon inputs on the regional
tropical Atlantic biogeochemistry. Here we use the results
of our NO_RIVER, S_AMERICA, and AFRICA sensitivity
scenarios, and compare them to our “standard” simulation,
TODAY, in order to identify the main impacts of these fluxes
on this region.

3.1 The TODAY scenario

In our model, the Amazon, Congo and Orinoco rivers de-
liver ∼ 70 % of the total river organic carbon to the trop-
ical Atlantic Ocean. We generally have a good agree-
ment between TODAY river OM inputs and data based
on measurements, except in the case of the Congo River.
For the Amazon, Congo and Orinoco Rivers, the TODAY
scenario has 3.61 Tmol OM a−1, 0.71 Tmol OM a−1, and
0.53 Tmol OM a−1, respectively, while Coynel et al. (2005)
report river inputs of 3.65 Tmol OM a−1 for the Amazon and
1.20 Tmol OM a−1 for the Congo, and Lewis and Saunders
(1989) report 0.56 Tmol OM a−1 for the Orinoco River. Mod-
eled river DIC inputs to the ocean are higher for the Ama-
zon River (3.1 Tmol DIC a−1, model, and 2.2 Tmol DIC a−1,
(Probst et al., 1994)). For the Congo and Orinoco riverine
DIC inputs, the model value is higher than the estimated flux
based on measurements (0.50 Tmol DIC a−1, model, against
0.29 Tmol DIC a−1, (Congo River; Probst et al., 1994), and
0.22 Tmol DIC a−1, model, against 0.94 Gmol DIC a−1 (as
HCO3−, Orinoco River; Lewis and Saunders, 1989). We at-
tribute this to the difference in the methods used to estimate
DIC and OM fluxes. In both cases, Congo and Orinoco rivers,
the values were obtained from discharge-weighed measure-
ments, while in this study we use river fluxes based on
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empirical models. This means that the fluxes are calculated
on the basis of relationships between measured/known basin
area, drainage intensity, total suspended sediments, soil, and
measured concentrations of carbon and nutrients in selected
(where data is available) rivers (Ludwig et al., 1996b; Smith
et al., 2003; Tréguer et al., 1995). Dumont et al. (2005),
Harrison et al. (2005a), and Smith et al. (2003) also state
that there is still a lack of data for individual river basins,
and some of the existing data may not be of high qual-
ity. Nonetheless, the empirical models available are robust
enough to give insight into the spatial distribution of nutrient
and carbon inputs to the ocean. Hopefully, improved tempo-
ral resolution for these data sets in a global scale (i.e. fresh-
water, nutrients and carbon inputs seasonal or even monthly
climatology) will also allow us to assess the sub-annual im-
pacts of riverine inputs to the ocean biogeochemistry (Harri-
son et al., 2005a, b) in the future.

The TODAY scenario is our best estimate of the current
input of nutrients by rivers, and of the impact of these in-
puts on the global marine biogeochemistry (da Cunha et al.,
2007). This simulation reproduces the main characteristics of
ocean biogeochemistry. The tropical Atlantic surface chloro-
phyll a (Chla) generally matches the SeaWiFS satellite sur-
face chlorophyll data for the same period (Fig. 3). Observed
concentrations below 0.1 mg Chla m−3 found in the Atlantic
subtropical gyres, and the elevated (> 2 mg Chla m−3) con-
centrations found over the north Brazilian shelf are repro-
duced by the model (Fig. 3). On the eastern Atlantic Ocean,
model results reproduce the higher limit of measured surface
Chla (0.6–0.7 mg Chla m−3) observed at the Cape Verde
Ocean Observatory (17.4◦ N, 24.5◦ W (Ye et al., 2009), and
L. C. da Cunha, unpublished data, 2006–2008. Data from
the Cape Verde Ocean Observatory (CVOO).). However, the
model fails to reproduce the elevated concentrations (> 1–
2 mg Chla m−3 for the annual mean) observed in the areas
off the coastal Mauritanian upwelling on the eastern Atlantic.
The mean absolute error results (Table 2) suggest that mod-
eled surface Chla is better in the TODAY scenario than in
NO_RIVER, and this is reflected in modeled primary and
export productions.

The simulated annual primary production (PP, 95 % of
which is particulate, 5 % as DOM for the whole trop-
ical Atlantic is 3.92 Pg C a−1, and 0.54 Pg C a−1 corre-
sponds to the coastal area (Table 3). In this study we
have considered “coastal area” as the ocean area up to the
200m isobath. In the North Brazilian Shelf (NBS) area,
modeled average primary production (18 mol C m−2 a−1)
was within the range of the measured PP values for the
offshore area of the NBS (4–75 mol C m−2 a−1, average
25 mol C m−2 a−1, (Smith and Demaster, 1996)), and more
recently 2–49 mol C m−2 a−1, average 20 mol C m−2 a−1, as
fixed carbon (Subramaniam et al., 2008). Our simulated ex-
port production (EP) is 0.51 Pg C a−1 for the whole tropical
Atlantic, and 0.07 Pg C a−1 for the coastal area. In Plank-
TOM10, EP corresponds to the amount of particulate or-

)

a)

c)

b)

Chl a (mg m-3)

Fig. 3. Mean surface chlorophylla (Chl a) in mg Chl a m−3

(average 1998–2005) from(a) satellite SeaWiFS,(b) the TO-
DAY standard scenario, and(c) difference in surface chlorophyll
a (mg Chla m−3) between the NO_RIVER and TODAY scenarios.

ganic matter exported below the euphotic zone. In this ver-
sion we consider it at 100 m. The simulated sea-to-air flux
of CO2 is 0.03 Pg C a−1 for the whole tropical Atlantic, and
5.31× 10−3 Pg C a−1 for the coastal area.

Our modeled CO2 fluxes represent the equatorial out-
gassing associated with the upwelling, and CO2 sink regions
associated with the Ogooué and Congo river outflows in the
eastern tropical Atlantic (Fig. 4 and Table 4). This pattern
of sink and source areas in the eastern tropical Atlantic is in
agreement with the measurements of Lefèvre and Merlivat
(2012), Lefèvre (2009), Lefèvre et al. (2008), and Parard et
al. (2010). In the western tropical Atlantic, our modeled CO2
fluxes suggest a sink area associated with the low-salinity
(SSS< 34.9) Amazon plume area, that is stronger in the win-
ter months, in agreement with the field study of Lefèvre et
al. (2010) (Table 4 and Supplement Table 1). Model results
suggest a strong CO2 outgassing area at the Amazon River
mouth area around 0–1◦ N latitude when river nutrients and
carbon are added (TODAY and S_AMERICA scenarios).
Field measurements from the SOCAT database (Pfeil et al.,
2012a, b; Weiss and Goyet, 2011) show highf CO2 values in
the same area (Fig. 5). A recent study by Abril et al. (2013)
shows that tidal forests bordering the Amazon estuary export
excess carbon mainly in the form of excess CO2 (pCO2 up
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a) NO_RIVER b) TODAY - NO_RIVER

c) S_AMERICA - NO_RIVER d) AFRICA - NO_RIVER

g C m-2 a-1

Fig. 4. Mean integrated sea-to-air CO2 flux in g C m−2 a−1 (av-
erage 1998–2005) for(a) the NO_RIVER scenario. Positive values
denote outgassing of CO2 from the ocean surface to the atmosphere.
Plates(b), (c) and(d) represent the difference between the TODAY,
S_AMERICA and AFRICA scenarios, and the NO_RIVER sce-
nario (g C m−2 a−1, average 1998–2005). In these plates, red areas
represent a decrease in the ocean CO2 sink, and blue areas represent
the opposite.

to 5000 ppmv at low tide), despite the low salinity/freshwater
found in these ecosystems. The same study also reports high
pCO2 values for the Amazon main stem, corroborating our
modeled results of CO2 degassing in the inner Amazon shelf.

This version of the model includes N-fixers (diazotrophs)
as a plankton functional type. In the oligotrophic tropical At-
lantic ocean, nitrogen fixation is an important source of new
production (Subramaniam et al., 2008; Ye et al., 2012). Ob-
servations have shown that generally, despite the large vari-
ability (e.g. related to dust deposition events; Fernández et
al., 2010; Voss, 2004), N-fixation rates are larger in the west-
ern tropical than in the eastern tropical Atlantic (Reynolds
et al., 2007). The simulated annual atmospheric N-fixation
by diazotrophs for the whole study area is 9.93 Tg N a−1

(0.71 Tmol N a−1) and occurs mainly off the coastal zone
(1.15 Tg N a−1, N-fixation rate for the coastal tropical At-
lantic). In the TODAY scenario, the western tropical Atlantic
and the southern gyre are, on average, the areas where N-
fixation is most intense (Fig. 6). In the low surface salin-
ity area (SSS< 34.9, corresponding to∼ 1.2× 106 km−1) of
the western tropical Atlantic, our modeled average N-fixation
rate is 35.8 mmol N m−2 a−1. In situ (Amazon River plume)
N-fixation rates measured by Subramaniam et al. (2008) var-
ied between 9.13 and 359.9 mmol N m−2 a−1. Model results
suggest that denitrification occurs only at subsurface (-10 m)
in the coastal area adjacent to the Amazon river outflow, at an
average rate of∼ 8.3 mmol N m−2 a−1. Given the modeled
high riverine nutrient inputs and primary production in the

(a) SOCAT pCO2 data (ppm)

(b) SOCAT       pCO2 (ppm)

(c) TODAY       pCO2 (ppm)

Fig. 5. (a) Coastal surface seawaterpCO2 data (in ppm)(a) from
the SOCAT database (Pfeil et al., 2012b),(b) 1pCO2 (SOCAT – at-
mosphericpCO2 from Ragged Point station, Barbados (373 ppm)),
(c) 1pCO2 from the TODAY scenario (average 1998–2005). The
black arrow indicates the high CO2 area in the Amazon River mix-
ing zone (SOCAT data from December 1982).

same area, the denitrification rate is not enough to decrease
the biologically driven OM fixation.

Our modeled N-fixation rates in the southern tropical At-
lantic gyre (ca. 0.7 g N m−2 a−1) are comparable to those
modeled by Monteiro et al. (2010), using the MIT self-
assembling ocean ecosystem model (ca. 0.5 g N m−2 a−1,
considering the sum of all nitrogen-fixing plankton types),
and by Moore et al. (2004), using a biogeochemistry-
ecosystem ocean model (ca. 0.4 g N m−2 a−1). They are
lower than those estimated by Deutsch et al. (2007), using
excess phosphorus (P*) distribution (ca. 1.7 g N m−2 a−1).
This issue is still to be resolved, since the field data from
the repeated AMT cruises from 1995–1999 reveal very low
abundance of N-fixing cyanobacteriaTrichodesmiumsp. in
the southern tropical Atlantic (Tyrrell et al., 2003). There is
also, unfortunately, a lack of (climatology-like) field date on
N-fixation rates for this area, as also pointed out by Mon-
teiro et al. (2010), while validating their model results. The
most up-to-date estimates of N-fixation in this area have
been recently compiled by the MAREDAT effort (Buiten-
huis et al., 2013a), and the in situ N-fixation rates, measured
in November (2001 and 2007) are one order of magnitude
lower (0.01–0.07 g N m−2 a−1, or 2–14 µM N m−2 d−1, mea-
sured as whole seawater N-fixation rate using15N; Luo et al.,
2012). Finally, Carpenter and Capone (2008) state that there
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Table 3. Primary production (PP) and export production (EP) in Pg C a−1, sea-to-air CO2 fluxes (CFLX) in Tg C a−1, and N2-fixation
(NFIX) rates in Tg N a−1, for each scenario considering the whole and coastal tropical Atlantic Ocean (20◦ S–20◦ N, 70◦ W–20◦ E). The
columns in italics correspond to the difference (“Diff”, in Pg C a−1 or Tg C a−1) between the TODAY, S_AMERICA, AFRICA scenarios
and the NO_RIVER scenario. The numbers in parenthesis correspond to the change in % relative to the NO_RIVER scenario ((((scenario –
NO_RIVER)× 100)/NO_RIVER)− 100). Positive values for CFLX denote outgassing of CO2 to the atmosphere.

Scenario PP Diff (%) EP Diff (%) CFLX Diff (%) NFIX Diff (%)

Whole tropical Atlantic Ocean

NO_RIVER 3.51 0.47 37.13 9.93
TODAY 3.92 0.41(12) 0.51 0.046(10) 32.01 −5.12(−14) 11.08 1.15(12)
S_AMERICA 3.73 0.23(6) 0.493 0.025(5) 39.96 2.83(8) 10.63 0.7(7)
AFRICA 3.71 0.20(6) 0.489 0.022(5) 29.46 −7.67(−21) 10.52 0.59(6)

Coastal tropical Atlantic Ocean

NO_RIVER 0.40 0.057 3.87 1.04
TODAY 0.54 0.14(34) 0.074 0.017(30) 5.31 1.44(37) 1.15 0.11(10)
S_AMERICA 0.50 0.10(24) 0.068 0.011(19) 6.48 2.61(67) 1.19 0.15(14)
AFRICA 0.44 0.04(10) 0.063 0.006(11) 2.91 −0.97(−25) 1.02 −0.02(−2)

Table 4. Modeled regional sea-to-air CO2 fluxes (CFLX, in Tg C a−1) and N-fixation (NFIX, in Tg N a−1) in the western (lat: 0◦ : 10◦ N,
lon: 60◦ W : 30◦ W) and eastern tropical Atlantic Ocean (lat: 10◦ S : 7◦ N, lon: 10◦ W : 5◦ E).

Western Atlantic Ocean (latitude 0–10◦ N, longitude 60◦ W–30◦ W )

Scenario CFLX CFLX NFIX NFIX
(all salinities) (SSS≤ 34.9) (all salinities) (SSS≤ 34.9)

NO_RIVER 12.93 −3.44 2.92 0.57
TODAY 9.21 0.53 3.20 0.70

Eastern tropical Atlantic (latitude 10◦ S–7◦ N, longitude 10◦ W–5◦ E)

CFLX CFLX NFIX NFIX
(all salinities) (SSS≤ 34) (all salinities) (SSS≤ 34)

NO_RIVER 0.11 −0.16 1.12 0.20
TODAY −3.45 −1.06 1.13 0.18

is still room to improve our knowledge of the spatial and tem-
poral distribution of nitrogen fixation in the world ocean.

3.2 Impact of rivers on the tropical Atlantic Ocean
biogeochemistry

The impact of rivers on the tropical Atlantic biogeochemistry
can be assessed by subtracting the NO_RIVER scenario from
the TODAY scenario. This comparison allows us to identify
the features in the tropical Atlantic Ocean biogeochemistry
that are caused by river nutrient fluxes (70◦ W–20◦ E, 20◦ S–
20◦ N). The differences in both scenarios between PP, EP,
sea-air CO2 flux, and nitrogen fixation for the whole tropical
Atlantic Ocean and its coastal area are listed in Table 3.

When riverine inputs are added, the model reproduces the
patterns of high primary production (PP) adjacent to the
large rivers outflow (Fig. 7) well. Increased nutrient avail-
ability from riverine input in the Tropical Atlantic (TODAY

– NO_RIVER) leads to an increase of 0.41 Pg C a−1 in open
ocean primary production (+12 % relative to NO_RIVER),
and 0.14 Pg C a−1 in coastal ocean primary production
(+34 % relative to NO_RIVER). The increase in primary pro-
duction is noticeable in coastal and open ocean areas ad-
jacent to the Amazon and Orinoco outflows, and in open
ocean eastwards of the Congo outflow (Fig. 7), and in
the Gulf of Guinea. We estimate a modest increase in the
open ocean export production (EP) in the TODAY scenario,
4.61× 10−2 Pg C a−1 (+10 %). The increase in coastal EP is
small in its absolute value (1.69× 10−2 Pg C a−1) but repre-
sents a 30 % increase relative to the NO_RIVER scenario.

River nutrient inputs also impact phytoplankton com-
position in the TODAY scenario because nutrient limita-
tion is alleviated in the coastal ocean (mainly N and Fe),
considering the amounts of delivered nutrients by rivers
and the corresponding coastal ocean EP (Table 5). Surface
chlorophyll associated to diatoms (silicifiers) has the largest

www.biogeosciences.net/10/6357/2013/ Biogeosciences, 10, 6357–6373, 2013



6364 L. C. da Cunha and E. T. Buitenhuis: Riverine influence on the tropical Atlantic Ocean biogeochemistry

Table 5.Modeled coastal ocean EP (N and Fe), riverine inputs (N and Fe) and ratiosa between riverine inputs and EP in the tropical Atlantic
Ocean (20◦ S–20◦ N, 70◦ W–20◦ E).

Coastal ocean export production River nutrient inputs River: coastal EP ratio

EP EPb EPb EPb River Cc River N River Fe River P River : EP River : EP River : EP
Simulation Tmol C a−1 Tmol N a−1 Gmol Fe a−1 Gmol P a−1 Tmol C a−1 Tmol N a−1 Gmol Fe a−1 Gmol P a−1 N Fe P

NO_RIVER 4.75 0.62 0.02 38.9 0 0 0 0 0 0 0
TODAY 6.16 0.81 0.03 50.5 6.75 1.09 0.45 10.97 135 1461 21.7
S_AMERICA 5.67 0.74 0.03 46.4 5.09 0.77 0.33 5.44 104 1165 11.7
AFRICA 5.67 0.69 0.03 43.2 1.66 0.32 0.12 5.54 46 455 12.8

a The ratio gives an estimate of the how much of the coastal EP is supported by riverine nutrients,b N, P and Fe coastal ocean EP values were estimated using the model molar
ratios of C : N : P (122: 16 : 1), and C : Fe (1 : 5× 10−6), c River carbon inputs are the sum of dissolved (DOM) and particulate organic carbon (POM).
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Fig. 6.Mean N-fixation rates in g N m−2 a−1 (average 1998–2005):
(a) the TODAY scenario,(b) Difference between the TODAY and
NO_RIVER scenarios.

relative increase in the whole tropical Atlantic when com-
pared to the NO_RIVER scenario, mainly in the coastal and
near-coastal ocean area (Supplement Fig. 1). The contribu-
tion of diatom-chlorophyll to total modeled surface chloro-
phyll increases from 6 % to 14 % in the coastal tropical At-
lantic (Supplement Table 2), reproducing the larger abun-
dance of diatoms in coastal areas, where there is larger abun-
dance of nutrients (Humborg et al., 2000; Subramaniam et
al., 2008). In addition to comparing how much export pro-
duction can be maintained by river inputs in the coastal
ocean, we have represented the surface DIN, Si and Fe con-
centrations in Fig. 8, highlighting the change (the TODAY
scenario minus NO_RIVER) of the concentration contour
line relative to the half-saturation growth constants (Km)
for diatoms. Considering the model values of diatomsKm
for nitrate (Km = 2 µM), silicate (Km = 0.42 µM), and iron
(Km = 0.17 nM), we have plotted over the surface nutrient
concentration in the TODAY scenario: (i) red areas if the
surface nutrient concentration has dropped below the respec-
tive Km threshold contour (TODAY – NO_RIVER) (red ar-

eas in the map give a rough indication where nutrient limita-
tion for diatoms may have become more severe in the TO-
DAY scenario, compared to NO_RIV); and (ii) purple ar-
eas if the surface nutrient concentration is above the respec-
tive Km threshold contour (TODAY – NO_RIVER). Purple
areas in the map denote the opposite (alleviation of limit-
ing conditions) of red areas. As in da Cunha et al. (2007),
we have decided to plot the change in the surface contour
lines corresponding to PlankTOMKm values for diatoms,
because they have lower surface-to-volume ratios compared
to nano- or pico-phytoplankton. Thus they need nutrient-
richer conditions for growth in contrast to smaller phyto-
plankton, and generally dominate the phytoplankton commu-
nity under high-nutrient condition. The smaller phytoplank-
ton groups have higher surface-to-volume ratios, allowing a
better exploitation of low nutrient concentrations (Sarthou et
al., 2005). Model results suggest that river nutrient inputs al-
leviate inorganic nitrogen and Si limitation for diatoms in
areas close to the large rivers, but a band of increased Fe lim-
itation extends in the southeastern tropical Atlantic (Fig. 8).
River inputs enhance PP in coastal areas but may deplete
nutrients in surface waters off in the ocean gyres because
of higher vertical export of organic matter before the water
masses reach these areas, as suggested in previous studies
using ocean biogeochemistry models (da Cunha et al., 2007;
Giraud et al., 2008). The increase in Fe limitation is coherent
with the large increase in modeled surface chlorophyll a, and
especially the fraction associated with diatoms in the coastal
ocean in the TODAY scenario, and with the slight increase
in N-fixation (diazotrophs also require Fe for growth) in the
surface layers (Fig. 6).

Diazotroph-associated chlorophyll increases in areas fur-
ther off the coastal ocean, where Si and N become limit-
ing to diatoms. Results shown in Tables 3 and 4 suggest
that most of the nitrogen fixation in the tropical Atlantic
occurs in the open ocean. For the tropical Atlantic (whole
and coastal ocean), model results suggest that the increase
in N-fixation relative to the NO_RIVER scenario is pro-
portional to the increase in PP and EP. Thus, the amount
of PP and EP supported by N-fixation remains unchanged
for the NO_RIVER and TODAY simulations, i.e. 1.9 % and
14 %, respectively (Supplement Tables 3 to 5). Coastal ocean
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Fig. 7. Mean fields of integrated primary production (PP) in
g C m−2 a−1 (average 1998–2005)(a) NO_RIVER scenario,(b)
the TODAY scenario,(c) difference between the S_AMERICA and
NO_RIVER scenarios, and(d) difference between the AFRICA and
NO_RIVER scenarios.

N-fixation slightly decreases in the TODAY scenario, as well
as the modeled surface chlorophyll concentrations associ-
ated to diazotrophs, concomitant to the increase in diatom-
associated chlorophyll in this area. N-fixation in the whole
tropical Atlantic is∼ 0.62 Tmol C a−1 higher in the TODAY
scenario (compared to NO_RIVER). This value is slightly
higher than the decrease in sea–air CO2 fluxes (outgassing) in
the TODAY scenario by∼ 0.43 Tmol C a−1, suggesting that
N-fixation also plays a role in controlling these fluxes in the
tropical Atlantic, especially in its western portion (Subrama-
niam et al., 2008).

Sea-to-air CO2 fluxes for the whole tropical Atlantic ocean
decrease by 5.12× 10−3 Pg C a−1 (−14 %, Table 3 and
Fig. 4), corresponding to the relative increase in PP and EP
for the whole tropical Atlantic. However, in the coastal area,
model results suggest an increase in sea-to-air CO2 fluxes
relative to NO_RIVER by +37 % (1.44× 10−3 Pg C a−1).
Model results (PISCES-T) from da Cunha et al. (2007) sug-
gest that increased river nutrient, DIC and OM inputs in the
coastal ocean enhance PP and EP, and, concomitantly, the
remineralization of the new production, increasing sea-to-air
CO2 fluxes. This will be further discussed in Sects. 3.2.1.
and 3.3.1. The CO2 outgassing associate to the equatorial up-
welling is not affected by riverine inputs (Fig. 4).

Model results suggest that shutting down river nutrients
and carbon inputs (NO_RIVER scenario) leads to smaller
rates of primary productivity, and, in consequence, export
production. We have tested the change in the biological pump
efficiency (EBP) between the NO_RIVER and TODAY sce-
narios.EBP is defined as the ratio between the concentration
of residual nutrients in surface waters and the concentration
of nutrients in deeper waters (Eq. 2, according to Sarmiento

a) Nitrate (µM)

c) Dissolved Fe (nM)

b) Silicate (µM)

Fig. 8. Surface mean fields (average 1998–2005) from the TODAY
standard scenario for(a) NO3 in µM, (b) Si in µM, and (c) Fe in nM.
Red areas correspond to regions where surface nutrient concentra-
tion in the TODAY scenario drops below the threshold contour of
diatomsKm (half saturation growth constant) when compared to
the NO_RIVER scenario. Purple areas show the reverse. Thresh-
olds are set to(a) 2.0 µM NO3, (b) 0.42 µM Si, and(c) 0.17 nM Fe.
Red areas give a rough indication where diatom nutrient limitation
has become more severe. Purple areas correspond to regions where
diatom nutrient limitation has been alleviated.

and Gruber 2006):

EBP =
Cdeep− Csurf

Cdeep
, (2)

whereCdeepis the modeled average nitrate concentration be-
tween 100 m and 200 m, andCsurf is the modeled average
nitrate concentration between 0 m and 100 m. In the western
tropical Atlantic, modeledEBP is relatively high in both sce-
narios, except in the continental shelf areas receiving large
inputs of river nutrients and carbon (the TODAY scenario,
Fig. 9). In the TODAY and S_AMERICA scenarios, the
amount of river N and Fe input is large enough to support the
coastal ocean export production on the western Atlantic (Ta-
ble 5), but despite the high primary productivity and export,
EBP is low, characterizing a regional efficient regeneration
loop for the organic matter. At a first glance, this may seem a
paradox considering the modeled increase (+30 %) in export
production, and the large relative increase in Chla associ-
ated to diatoms (6 % to 14 % of the total surface chlorophyll
concentration) for the coastal ocean when river nutrients are
added to the model. However, when river nutrients are added
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(a) TODAY

(c) (TODAY - NO_RIVER) * 100

(b) NO_RIVER

EBP (unitless)

Fig. 9.Mean biological pump efficiency (EBP, average 1998–2005)
(a) the TODAY scenario,(b) the NO_RIVER scenario, and(c) dif-
ference in % between the TODAY and NO_RIVER scenarios.

to the model, there is also, on average, more nutrient avail-
ability in the first 100 m close to river outflows due to in-
puts and enhanced export production. This further explains
the lowerEBP values when river nutrients are included in the
model. Thus, one may conclude that in the tropical Atlantic
a large portion of the primary production may be recycled in
the upper layers of the narrow ocean areas adjacent to large
river outflows.

3.2.1 Impact of South American rivers

Our results in the S_AMERICA scenario suggest an increase
in primary production along the South American shelf and
adjacent ocean areas, and no changes on the Eastern trop-
ical Atlantic (compared to NO_RIVER, Fig. 7). The mod-
eled primary production in the open and coastal ocean is
3.73 Pg C a−1 and 0.54 Pg C a−1, respectively. The relative
change in PP between the S_AMERICA and NO_RIVER
scenarios corresponds to an increase in 6 % and 24 % for the
open and coastal ocean, respectively. These changes are only
noticeable off the northern coast in South America, adjacent
to the main river outflows.

The western tropical Atlantic receives more river nutri-
ents and carbon compared to the eastern side (Table 1). In
this study, our sensitivity tests suggest that South American
rivers have the same relative impact (compared to simula-
tion NO_RIVER) in PP and EP for the whole tropical At-
lantic, but have an impact twofold larger than African rivers
on coastal primary and export production (Tables 3 and 4).
River nutrients and carbon impact the sea-to-air CO2 fluxes
differently: the relative increase in EP (+5.4 %) for the whole

tropical Atlantic is comparable to the relative increase in sea-
to-air CO2 flux (+7.6 %). The increase in primary production
is proportional to the increase in export production in the
western tropical Atlantic Ocean, but the riverine inputs are
insufficient to decrease or to revert the sea-to-air CO2 flux in
the coastal area. Although the CO2 sink region in the west-
ern Atlantic is present in this scenario, the sink in the eastern
tropical Atlantic is smaller when African rivers are not in-
cluded in the model, thus keeping the CO2 fluxes compara-
ble to the NO_RIVER scenario (Table 4 and Fig. 4). Finally,
our model results suggest that, in the western tropical At-
lantic, almost all CO2 outgassing occurs in the coastal ocean
area (2.8 Tg C a−1, whole tropical Atlantic, and 2.6 Tg C a−1,
coastal tropical Atlantic Ocean, Table 3), very close to the
Amazon river outflow (Figs. 4 and 5). These numbers are ob-
tained by subtracting the NO_RIVER sea-to-air CO2 fluxes
from those of the S_AMERICA scenario, and correspond
to ca. 50 % of the riverine OM input to the western tropi-
cal Atlantic (the S_AMERICA scenario, Table 1). As stated
in da Cunha et al. (2007), the model resolution does not al-
low coastal water entrapment, and part of the riverine OM
(mainly the particulate OM) and DIC rapidly return to the
atmosphere as CO2. In PlankTOM10, marine and terrestrial
OM have the same degradation rates. On the one hand, field
studies have shown that riverine OM may be refractory and
may not provide an “immediate” source of new nutrients to
coastal plankton (Dittmar and Kattner, 2003; Hansell et al.,
2004). On the other hand, in areas heavily impacted by hu-
man activity (e.g. domestic sewage), river OM may have an
important anthropogenic fraction, more labile, and thus more
easily exported as CO2 to the coastal ocean (Harrison et al.,
2005a; Meybeck, 2004). A model-based study in the Arctic
assessed the impact of riverine dissolved OM to the regional
biogeochemistry, considering a different lability to terrestrial
OM (Manizza et al., 2011). This study results suggest that
river OM inputs may decrease the Arctic Ocean CO2 sink by
∼ 10 %.

Our results also suggest that the South American rivers,
especially the Amazon and Orinoco, further influence pri-
mary production in areas in the Caribbean Sea (not shown),
in agreement with field measured data (nutrients and chloro-
phyll a) from Corredor et al. (2003). In the TODAY and
S_AMERICA scenarios, both regional primary and export
production in the Caribbean Sea increase by about +70 %,
compared to the NO_RIVER scenario. Finally, this study
suggests that on the western tropical Atlantic, except in the
coastal areas off the Amazon and Orinoco plumes, coastal PP
does not increase much (Fig. 7). The north-eastern Brazilian
shelf is very narrow, characterized by oligotrophic waters and
little freshwater inputs. Consequently, the small river nutrient
inputs are not sufficient to trigger a “fertilizing effect” such
as off the Amazonian shelf.
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River nutrients and the sea-to-air CO2 flux in the western
tropical Atlantic

Körtzinger (2003) identified an area strongly undersaturated
with respect to atmospheric CO2 associated with the ama-
zon River plume (at latitude 10◦ N, longitude 50◦ W-48◦ W).
This local CO2 sink is due to a combination of physical (mix-
ing effect of river- and seawater in the plume) and biological
(production in the plume) effects. Here we compare the TO-
DAY and NO_RIVER scenarios to assess the role of river
nutrients and carbon in the modeled sea-to-air fluxes at the
Amazon plume area (latitude 0 to 10◦ N, longitude 60 to
30◦ W). Our model results (average 1998–2005) suggest that
in the western tropical Atlantic, surface waters north of 3◦ N
are undersaturated with respect to atmospheric CO2, and the
sea-to-air CO2 flux is negative (Figs. 4 and 5), in agreement
with the measurements made by Körtzinger (2003).

In the western tropical Atlantic between latitudes 0 and
3◦ N, our model results suggest that in the TODAY scenario,
river carbon inputs (DIC, DOM, POM) reverse the under-
saturation of CO2 in surface seawater caused by the low
salinity surface waters (physical effect), despite the large in-
crease in primary production compared to simulation TO-
DAY (Fig. 4). Chen et al. (2012) state that the process above
explains why tropical estuaries are often sources of CO2 to
the atmosphere. Our results are also supported by an increase
in modeled alkalinity and DIC concentrations in surface wa-
ters. Surface calcifier-chlorophyll also increases up to 40 %
in the same area. In our simulations, river OM, despite act-
ing as additional nutrient sources, is insufficient to decrease
the mineralization of organic matter and consequently sea-
to-air CO2 fluxes are on average positive. Local river DIC
input (mainly Amazon and Tocantins Rivers) corresponds to
40 Tg C a−1, which also explains the surface CO2 supersat-
uration close to the outflow. Field data (Weiss and Goyet,
2011; Weiss, 2011) collected in December 1982 and avail-
able from the SOCAT database (Pfeil et al., 2012b) (low out-
flow season) show high fCO2 values (above 400 ppm, sur-
face salinity around 31, Fig. 5) in the same area. Druffel et
al. (2005) have measured DIC and POM concentrations and
analyzed their isotopic composition (radioactive and stable)
in the Amazon River mouth and the North Brazil Current
area in November 1991 during a low flood period. Their re-
sults also show that there might be organic matter remineral-
ization within the inner river plume, because of the 4–10 %
excess DIC relative to the conservative mixing line. A more
recent study also reports highpCO2 values in the Amazon
River estuary (up to 5000 ppm), originating from excess car-
bon exported by coastal flooded forest (Abril et al., 2013).

Modeled average sea-to-air CO2 fluxes (1998–2005) in
this area (latitudes 0 : 10◦ N, longitudes 60◦ W : 30◦ W) de-
crease in the TODAY scenario by 3.72 Tg C a−1, consider-
ing all sea surface salinities (Table 3). The modeled river-
nutrients associated CO2 outgassing occurs at SSS lower
than 34.9, over a surface area of 1.3× 1012 m2. Nitrogen fix-

ation, which also contributes to enhance the biological pump,
is higher outside the low surface salinity area (Table 3). On
a monthly average, this area of low surface salinity is larger
and becomes a CO2 sink (supplementary Table 5) between
April and July, as also shown in field data (Ternon et al.,
2000). However, neither does our model resolution allow fur-
ther investigations on sea-air gas exchange processes at the
river-estuary-ocean mixing zone, nor is this level of detail
within the basin-scale scope of this study.

3.2.2 Impact of African rivers

In the AFRICA scenario, like in the TODAY scenario, our
results suggest an increase in primary production along the
African coast, including the Gulf of Guinea and the outflow
of the Congo River, with no changes occurring in the West-
ern tropical Atlantic (compared to NO_RIVER, Fig. 7). The
modeled primary production in the open and coastal ocean
is 3.71 Pg C a−1 and 0.44 Pg C a−1, respectively. The over-
all impact of African rivers to the tropical Atlantic export
production is also similar to the S_AMERICA scenario (Ta-
ble 4).

Interestingly, the similar increases in PP and EP in terms
of petagrams of carbon for both scenarios (AFRICA and
S_AMERICA) would not be surprising were it not for the
fact that the riverine nutrient and carbon inputs to the east-
ern tropical Atlantic are two to three times smaller than
in the western Atlantic (except for DIP). This is probably
due to a combination of nutrient trapping in upwelling ar-
eas due to slower circulation and an alleviation of Fe lim-
itation conditions (mainly of diatoms) by riverine inputs
(Table 4). The previous study from da Cunha et al. (2007) us-
ing PISCES-T ocean biogeochemistry model also suggested
that river inputs over coastal upwelling areas (eastern ocean
margin type) have a higher impact on PP and EP than west-
ern margin areas. It is accepted that eastern ocean margins
host upwelling systems, provoked by winds blowing towards
the Equator, that in turn promote the upwelling of deeper,
nutrient-rich waters (Lachkar and Gruber, 2013). In the sub-
tropical and tropical Atlantic, the Canary Upwelling Sys-
tem and the Benguela Upwelling are the most important up-
welling areas, followed by seasonal upwelling events in the
Gulf of Guinea (Lefèvre, 2009). Among the most common
oceanographic features of these systems are indeed high pri-
mary and export production rates, as well as a relatively sta-
ble shallow mixed layer provoked by an upwelling of the
thermocline that prevents deeper water column wind mixing.
Shallow mixed layers are also found in coastal ocean areas
adjacent to large freshwater inputs (river plumes), forming
surface stable low-salinity lenses, as in the western tropical
Atlantic off the Amazon and Orinoco outflows (Fig. 10). The
eastern upwelling conditions create a stable mixed layer that
“traps” nutrients, enhancing PP and EP. In these areas, es-
pecially in the sub-tropical eastern Atlantic, the water resi-
dence time may also be larger, as suggested in the study of
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Fig. 10. Modeled average (1998-2005) seasonal surface mixed
layer (SML) depths in the tropical Atlantic Ocean, in meters;
(a) January–March;(b) April–June; (c) July–September, and(d)
October–December. SML values are did not change in the consid-
ered TODAY, NO_RIVER, S_AMERICA, and AFRICA scenarios.
The coupled model ocean physics (NEMO), i.e. circulation, tem-
perature, salinity, freshwater, heat balance, wind forcing, has not
been changed in any of the four simulations considered in this
manuscript.

Lachkar and Gruber (2011, 2013), thus enhancing primary
production. Modeled primary production in the eastern trop-
ical Atlantic in the NO_RIVER scenario is high in both Ca-
nary and Benguela upwelling systems (Fig. 7). Our results
suggest that African river nutrients (TODAY and AFRICA
scenarios) enhance PP mainly in the Gulf of Guinea and off
the Congo River, primarily because river inputs at the Canary
and Benguela areas are negligible (Fig. 2). The additional in-
put of river nutrients to an area where high rates of PP and
EP occur (eastern Atlantic) has primarily enhanced diatoms
production in the coastal ocean (alleviation of nutrient lim-
itation conditions, thus favoring diatoms, which in turn en-
hances EP; Fig. 8), explaining the relatively higher impact on
tropical Atlantic Ocean biogeochemistry by African rivers.

In the eastern tropical Atlantic, the efficiency of the bio-
logical pump (EBP) has medium values in the main coastal
upwelling areas (Mauritania and Benguela) in both the TO-
DAY and NO_RIVER scenarios (Fig. 5). This is typical of
low-latitude upwelling areas (Sarmiento and Gruber, 2006),
where light and nutrient supplies are high, but theEBP is
medium to low. Additionally, the river inputs to these regions
are very low. Nevertheless,EBP in the Gulf of Guinea and
Congo River outflow area (large freshwater and nutrient in-
puts) decreases when river inputs are added to the model.
This suggests that river nutrients increase average nutrient
concentrations in the upper layers, and that the combination
in a shallow mixed layer decreases the efficiency of the bio-
logical pump, as in the western tropical Atlantic.

Despite the large river nutrient inputs (the TODAY and
AFRICA scenarios) the coastal ecosystem is still limited by
nitrogen and phosphorus. In the AFRICA scenario, riverine
inputs of N and P are insufficient to maintain coastal EP (Ta-
ble 5), corroborating the hypothesis that most of the nutrients
necessary to maintain coastal PP and EP are brought by up-
welling waters.

River nutrients and the sea-to-air CO2 fluxes in the
eastern tropical Atlantic

Unlike in the western tropical Atlantic, the eastern coastal
Atlantic represents only 13 % of the difference in sea-
to-air CO2 fluxes (relative to NO_RIVER,−1.0 and
−7.7 Tg C a−1, coastal and whole eastern tropical area, re-
spectively). This suggests that nutrient inputs from African
rivers may also be sufficient to decrease the sea-to-air CO2
fluxes further off the coastal zone, but not sufficient to de-
crease the equatorial outgassing.

In the eastern Atlantic, the equatorial and coastal up-
welling zones release CO2 to the atmosphere, while in the
area south of the South Equatorial Countercurrent (SECC)
and near the Congo River outflow, the model results suggest
a CO2 sink (Fig. 4) in agreement with in situ data (Lefèvre,
2009; Lefèvre et al., 2008; Parard et al., 2010). Our modeled
average sea-to-air CO2 fluxes (1998–2005) suggest an out-
gassing in the coastal upwelling areas of Mauritania, the Gulf
of Guinea and the Benguela Current, and a moderate CO2
sink in the area adjacent to the Congo River outflow in the
TODAY and NO_RIVER scenarios. This small coastal sink
is due to the mixing effect between river freshwater discharge
and seawater (Fig. 4, Table 3). When river inputs are added
to the model, this local sink effect is enhanced and extended
further north in the coastal ocean to the Ogooué River out-
flow. Unlike in the western tropical Atlantic, most of the to-
tal increase in this CO2 sink occurs outside the coastal ocean
(−7.7 Tg C a−1 versus−1 Tg C a−1 for the coastal ocean).
Model results suggest that river nutrients are rapidly con-
sumed in the coastal area (large increase in diatom-associated
chlorophyll, decrease in coastal rates of N-fixation in the
Gulf of Guinea; comparing the TODAY and NO_RIVER sce-
narios, Supplement Fig. 1, Fig. 6, Table 3), triggering the bio-
logical production and enhancing the CO2 sink. Further west,
these CO2 undersaturated surface waters mix with equato-
rial ocean waters, and the surface sea-to-air values are re-
verted. In the Gulf of Guinea, the average sea-to-air CO2 flux
is −1 Tg C a−1 (Table 3), but on a monthly basis, modeled
sea-to-air CO2 fluxes vary through the year suggesting a sink
during July–August, and a source (CO2 outgassing) during
December–January, in both coastal (SSS< 34) and offshore
areas (Supplement Table 5). This mechanism is in agreement
with local observations (Lefèvre, 2009).
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4 Limitations of the model

We present a study based on three sensitivity tests to esti-
mate the impacts of river nutrients and carbon on the tropical
Atlantic Ocean biogeochemistry. However, our approach has
limitations. First, our model does not provide a real represen-
tation of the coastal zone. Because of its coarse resolution
(2◦

× 0.5◦–2◦), it is not able to resolve circulation patterns
like near-shore upwelling, increased tidal mixing in coastal
areas, or coastal geomorphological features. A higher reso-
lution of the coastal ocean would likely improve the repre-
sentation of very productive zones.

Second, we used annual fluxes of riverine nutrients and
carbon to the ocean in the ocean biogeochemistry model
PlankTOM10. The climatology (on a monthly basis) of river
freshwater input is computed in the coupled ocean circula-
tion model NEMO, and was not changed in any scenario.
In areas adjacent to strong river input such as the Ama-
zon, Orinoco or Congo, flood and drought periods alter the
amount of river nutrient and carbon fluxes. This may have
a direct impact in the regional net ecosystem production and
sea-air CO2 fluxes. Our river carbon and nutrient input model
is a “lumped model” (Kroeze et al., 2012), where river basin
and river mouth processes are combined (fewer parameters,
based on quasi-empirical statistical studies; Ludwig et al.,
1996b; Smith et al., 2003). Their strength is that they can eas-
ily be applied to future trends studies or sensitivity analyses
(as in our case). Additionally, there is a lack of data, primar-
ily in Africa, South America and Asia (Kroeze et al., 2012),
corresponding to this study area. Nevertheless, we concede
that considering annual river inputs of carbon and nutrients
is indeed a limitation for this study. This type of model con-
siders homogeneous basin processes, and does not consider
seasonal variability. Thus, we have chosen this method, also
used elsewhere (Buitenhuis et al., 2010; da Cunha et al.,
2007; Vogt et al., 2010) given the simplicity of using lumped
models to estimate river carbon and nutrient inputs to the
ocean.

Third, we use an average concentration for river Fe and
Si. Development of databases considering river basin geol-
ogy may alter the distribution of riverine Fe and Si signif-
icantly. Fourth, our model does not differentiate terrestrial
and marine organic matter reactivity (degradation and miner-
alization rates, C : N ratio). If riverine OM is more labile than
marine OM, the regional budget of sea-to-air CO2 flux and
its impact on productivity should be expected to be higher.
All these factors can locally enhance or diminish the impact
of river inputs in ways that would influence the spatial and
temporal distribution of the patterns we identify. In spite of
these limitations, our analysis provides estimates of the up-
per and lower bounds of the basin-scale impact of nutrient
and carbon supply by rivers in the tropical Atlantic Ocean,
using the most up-to-date tools (Buitenhuis et al., 2013b; da
Cunha et al., 2007; Enright et al., 2012) and data available

(Körtzinger, 2003; Lefèvre, 2009; Lefèvre et al., 2008, 2010;
Subramaniam et al., 2008).

Fourth, our current version of PlankTOM ocean biogeo-
chemical model includes both diazotrophs and diatoms as
plankton functional types, but in its present version it is not
able to represent diatom-diazotroph association (DDA), al-
though we fully agree that DDA plays an important role in
OM export in the ocean (Foster et al., 2011; Yeung et al.,
2012). For lack of data to the contrary, we have no reason to
assume the export in an ecosystem that includes DDA would
respond differently than one that does not. We warn against
this shortcoming in a general way by drawing attention to the
ecological resolution as a limiting factor of our model, even
though PlankTOM10 is currently one of the most complex
global biogeochemical models available.

5 Conclusions

We conclude from this sensitivity modeling study that South
American river nutrient inputs may have a larger impact on
tropical Atlantic coastal primary and export production than
African rivers. In our sensitivity tests, we estimate that South
American river input to the tropical Atlantic was responsi-
ble for up to twice the increase in coastal ocean primary and
export production difference between the NO_RIVER and
TODAY scenarios.

Nevertheless, considering that: (a) the impact of South
American and African rivers is similar for the whole tropi-
cal Atlantic Ocean; (b) the African river nutrient and carbon
inputs are two to three times smaller, and (c) on the eastern
Atlantic, river inputs enter an extended area of the ocean with
a shallow mixed layer caused by both upwelling conditions
and regionally by the Congo River plume, enhancing the re-
gional primary and export productions off the limits of the
coastal ocean, one may conclude that African river inputs’
relative impact on the tropical Atlantic Ocean is higher than
that of the South American rivers. Da Cunha et al. (2007)
found that regional riverine impact on biogeochemistry de-
pends on runoff intensity, local nutrient budgets, and adja-
cent ocean circulation. The impact may be higher in eastern
ocean margin areas with high runoff, because of the nutrient
trapping effect of upwelling. In a modeling study using the
PISCES model, Giraud et al. (2008) suggested that excess
nutrients in coastal areas locally increase the primary and ex-
port production if the conditions of nutrient limitation are fa-
vorable. In the case of the western tropical Atlantic, riverine
nutrients would be able to maintain all the coastal export pro-
duction, and in the eastern tropical Atlantic, riverine inputs
partly alleviate the regional nutrient limitation. These results
are confirmed by the relative increase in diatoms-associated
chlorophyll (6 % to 14 % of the total surface Chla) in the
coastal ocean, since diatoms have a higher nutrient require-
ment than the other phytoplankton groups. Our results sug-
gest also that river nutrient inputs may enhance N-fixation
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in the western Atlantic Ocean, and thus alleviate open ocean
nitrogen limitation. The increase in N-fixation equivalent in
carbon is proportional to the increase in primary and export
productions. The carbon equivalent of the total fixed nitrogen
in the tropical Atlantic in the TODAY scenario may sustain
up to 14 % of the export production.

The increase in primary and export production has some
impact on the sea-to-air CO2 fluxes. Considering the whole
tropical Atlantic, our results suggest a decrease in the CO2
outgassing of 5 Tg C a−1 (TODAY scenario – NO_RIVER).
In the eastern tropical Atlantic, the TODAY and AFRICA
scenarios suggest that the increase in production (and thus in
the biological carbon pump) may slightly reverse the physi-
cal processes (upwelling) dominating the sea-to-air CO2 flux.
In the western tropical Atlantic, our results suggest that the
increased production, organic matter respiration and river
DIC outgassing in the TODAY and S_AMERICA scenarios
enhances the CO2 outgassing, and this occurs almost exclu-
sively in the coastal ocean. This is in agreement with field
studies that measured either high pCO2 values in surface wa-
ters of the Amazon estuary (Abril et al., 2013; Pfeil et al.,
2012b; Weiss and Goyet, 2011) or found excess DIC (4 %
to 10 %) relative to the conservative mixing line between
the Amazon River mouth and the North Brazil Current area
(Druffel et al., 2005).

Supplementary material related to this article is
available online athttp://www.biogeosciences.net/10/
6357/2013/bg-10-6357-2013-supplement.pdf.
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